There are a plethora of sources of low-grade (<200
• C) waste heat, such as by-products of industrial processes, that represent an attractive but under-utilized sustainable energy resource. Traditional thermoelectric devices using alternating p-and n-type semiconductor materials have long been the focus of intense research, and recent advances in nanotechnology have led to significant increases in their Figure of Merit. [1] [2] [3] Nevertheless, the efficiencies and cost of the devices still limit them predominantly to niche markets and for capturing high temperature thermal energy. An alternative device structure, which may be more suitable for utilization of low temperature waste heat, comprises the use of a redox active electrolyte. [4] [5] [6] These thermoelectrochemical cells (TECs) exploit the temperature dependence of the redox potential to generate a potential difference between the two electrodes when a thermal gradient is present across the cell. Until recently, research in this field was dominated by the use of aqueous electrolyte systems, predominantly with the ferrocyanide/ferricyanide redox couple. 4, [6] [7] [8] The recent use of high-surface area electrode materials, such as graphene and/or carbon nanotubes, has resulted in significant increases in the power outputs of these devices. [9] [10] [11] [12] However, the use of water clearly limits the operating temperature of the device, while a non-volatile electrolyte would be beneficial for longterm stability.
The good thermal stability of many ionic liquids makes them ideal electrolytes for TECs, allowing the harvesting of higher temperatures of waste heat. Furthermore, the nature of the solvent environment afforded by the ILs is different from aqueous systems, which is important in determining the resultant potential difference across the device.
The temperature dependence of the electrochemical potential of a redox couple is given by the Seebeck coefficient, S e . The benchmark electrolyte is aqueous 0.4 M ferri/ferrocyanide, which has an S e of −1.4 mV/K, 4,9 while Migita et al. 13 were the first to measure S e values in an IL (1-butyl-1-methylpyrrolidinium bis(trifluoromethanesulfonyl)amide), using a series of iron complexes. We have reported the Seebeck coefficients of the I − /I 3 − redox couple in a series of ILs, 14 where we found a significant dependence on the nature of the IL, with S e values ranging from 0.03 to 0.26 mV/K. 3 , where bpy = 2,2 -bipyridine and NTf 2 = bis(trifluoromethanesulfonyl)amide), were prepared following the procedure reported previously. 15 The Seebeck coefficient was measured using approximately 1 mL of electrolyte in each of two electrode compartments, connected via a salt bridge of the same IL/redox couple solution. The electrodes were 0.5 mm thick Pt wire and the voltage difference between them was measured using a UNI-T UT803 high impedance voltmeter. The temperature of the hot side was controlled by insertion of the electrode compartment into a brass heating block attached to a temperature controller and heater. For each of the ILs, the S e measurement was run three times, and an uncertainty range of +/−0.01 mV/ K determined. The thermoelectrochemical cell performance was measured using a custom designed cylindrical cell described previously (Figure 2) . 15, 17 Two circular Pt disk electrodes (18 mm diameter) were separated by a 12 mm cylinder insert with 9 mm internal diameter, which contained the electrolyte. Pt RTD (resistance temperature detector) probes with ceramic bodies made direct contact with the front surface of each Pt electrode to ensure accurate temperature control. The electrodes were heated using polyimide Thermofoil heaters. Voltage measurements were taken after 30 minutes equilibration at V OC at the required T hot /T cold . At each resistance, the
D3062
Journal of The Electrochemical Society, 161 (7) D3061-D3065 (2014) system was equilibrated for 15 minutes and then 30 data points collected over 300 seconds. This allowed the temperature, concentration profile and potential difference to reach steady-state. The upper temperature limit of the TEC is dictated by either the thermal stability of the IL/redox couple electrolyte or, as is the case here, the maximum T that can be maintained between the electrodes (determined by the thermal conductivity of the electrolyte). For the testing of these IL electrolytes, a T hot = 130
• C was chosen to demonstrate their advantage over aqueous systems, and T cold was varied to investigate the influence of mass transport and T on the thermoelectrochemical cell parameters.
The diffusion rates of the redox couple were determined by measuring the limiting current obtained by steady state cyclic voltammetry (CV). 18 The CVs were measured using a three-electrode configuration: a platinum microelectrode with a radius of 5 micrometers was used as the working electrode, the reference electrode was a straight platinum wire and the counter electrode was a coiled platinum wire. Electrochemical windows of −0.5 V to +0.5 V were used, with a scan rate of 20 mV s −1 , at temperatures of 80 • C, 95
• C and 110
• C. The thermal conductivities of the ILs were measured using a C-Therm TCi Thermal Property Analyzer.
Results and Discussion
Seebeck coefficient.-There are two important aspects to the development of high efficiency redox couple/IL electrolytes for TECs. The first is the fundamental thermodynamics, i.e. the Seebeck coefficient, which determines the potential difference created across the cell. The second is the performance in the full device, which is a product of a number of other factors such as the diffusion rate of the redox couple and the electrode kinetics. Thus, to investigate new redox couple/IL combinations it is most informative to first investigate the Seebeck coefficient in isolation, before assessing the other TEC device parameters.
The temperature dependence of an electrode potential is related to the entropy change of the redox couple, S rc :
where n is the number of electrons involved in the reaction and F is the Faraday's constant. 19 This entropy change varies significantly with the nature of the redox couple, 13, 20 and can also be very dependent on the solvent environment -including the unique ionic environments afforded by different ILs. 14, 21, 22 Figure 1 shows the chemical structures of the ILs investigated here, used with the Co II/III (bpy) 3 (NTf 2 ) 2/3 couple. Aside from our initial studies, 15, 16 the influence of IL structure on the thermodynamics of this redox couple has not previously been investigated.
The Co II/III (bpy) 3 (NTf 2 ) 2/3 redox couple in these ILs showed higher S e than other redox couple/IL electrolytes previously reported, 13, 17 as shown in Figure 3 and Table I . It is hypothesized that this is the result of the high/low spin transition of the Co centers upon electron transfer, which produces a large change in the metal-ligand bond lengths and thus a larger rearrangement of surrounding solvent molecules than 15 This suggests that the anion is strongly interacting with the positively charged Co II/III (bpy) 3 complex. However, the nature of the cation also has a notable impact on the S e of the redox couple: there is a variation in S e of 0.18 ± 0.02 mV/K within the [eFAP] series of ILs tested, and 0.12 ± 0.02 mV/K difference between the two NTf 2 ILs. Thus, the structure of both ions must be considered when choosing or designing ILs to maximize S rc .
Unfortunately, a precipitate was observed in the [eFAP] electrolytes upon cooling to room temperature after the S e measurements, which may indicate dissociation of the redox couple. Although this precipitate re-dissolves at 100
• C, these electrolytes were considered unsuitable for use in TECs (where one electrode is at room temperature) and thus these ILs were not utilized in the subsequent device testing.
Thermoelectrochemical device performance.-In a functioning TEC there are a number of other important factors, in addition to the Seebeck coefficient, that ultimately determine the current, voltage and power output of the device. These include the diffusion rate of the redox couple and the thermal conductivity of the electrolyte (which also dictates the T that can maintained), plus the sum of the different resistances in the device. 16 As P = V 2 /R, the output power should increase quadratically with potential difference and, therefore, with T -as long as the internal resistance of the cell is independent of temperature. Thus, the highest output power should be observed with T hot /T cold = 130
• C/30
• C in the present work. However, the internal resistance of the TEC and the mass transfer rate of the redox couple also depend on the temperature, and therefore these can also influence the optimum T hot /T cold for each IL/redox electrolyte system, particularly if it is mass-transport limited. Investigating the influence of operating temperature on the output parameters of the TEC helps to unpack these different factors and identify the optimum operating conditions. TEC measurements were taken at three different values of T, with T hot /T cold of 130
• C/30 SO 4 ] the maximum output power was obtained with 130
• C/60
• C temperatures (P max = 47 mW/m 2 ). Thus, in the latter system at 130
• C the advantage of a larger T is not sufficient to offset the disadvantage of slower mass transport as a result of the lower T cold and reduced average operating temperature. On the other hand, at T hot /T cold = 130
• C/90
• C the output power had decreased in both electrolyte systems, indicating that the smaller potential difference dominated the TEC performance.
Modified figure of merit.-The performance of traditional semiconductor-based thermoelectric devices is often compared by reference to a dimensionless figure of merit, 1-3 defined as:
where T is the absolute temperature, S e is the Seebeck coefficient, σ is the electrical conductivity and κ is the thermal conductivity. To characterize the performance of redox couple-based thermoelectrochemical cells, it is important to consider the influence of diffusion rate of the redox couple through the electrolyte. Thus, we have recently proposed a modified figure of merit, 17 ZT*, obtained by substitution of the Nernst Einstein equation into equation 2, giving:
Where c is the concentration of the redox couple, κ is the thermal conductivity of the electrolyte, and D is the smallest diffusion coefficient of the two redox species. In addition to providing a qualitative comparison of different redox electrolytes, this relationship demonstrates that performance improvements for IL-based thermoelectrochemical devices require an increase in both the diffusion coefficient and the Seebeck coefficient, and a decrease in thermal conductivity. The diffusion coefficient of the two Co complexes in the ILs, measured at the different operating temperatures of the TECs, are given in Table III The combination of these different factors influencing device performance is further illustrated by the modified figure of merit, ZT*. At an operating temperature of 80
• C (corresponding to T hot /T cold = 130
• C), ZT* was determined to be 4.32 × However, the maximum power output for the TECs using the two new IL/Co redox couple systems reported here is higher than for any of the I − /I 3 − systems. This is illustrative of the complexities of the full thermoelectrochemical device, and the presence of a number of resistive losses within the cell (e.g. activation, concentration and mass transport overpotentials, or ohmic losses), the magnitudes of which will depend on the electrolyte and redox couple used.
Conclusions
In summary, a range of ionic liquids with the Co II/III (bpy) 3 (NTf 2 ) 2/3 redox couple have been assessed for use in thermoelectrochemical cells. The thermodynamic properties of these redox electrolytes was investigated by measurement of the Seebeck coefficient. The influence of the nature of the ionic liquid structure on the thermoelectrochemical device parameters was then assessed using the two most promising redox electrolyte systems. Finally, for a more quantitative comparison, the modified figure of merit values were calculated, incorporating the measured diffusion rates and thermal conductivities of the different electrolytes.
The Seebeck coefficient of the cobalt redox couple showed a significant dependence on the nature of the IL, with the highest values obtained in ionic liquids with the (tris(pentafluoroethyl) trifluorophosphate), eFAP, anion. For full thermoelectrochemical cell testing, the more stable [C 201 SO 4 ] system, the maximum output power (P max = 47 mW/m 2 ) was obtained using T hot /T cold = 130 • C/ 60
• C, reflecting the slower diffusion of the redox couple in this electrolyte. This trend in thermoelectrochemical cell performance was consistent with the trend in the modified figure of merit calculated for the two systems.
These results demonstrate that for ionic liquid-based thermoelectrochemical cells to achieve performances closer to those of the solid state device analogs a number of inter-related factors must be improved. Increasing the diffusion rate and solubility of the redox couple will lead to current and power increases, while modifying the device design (e.g. electrode spacing, cell geometry) can also yield improved device performance. 7, 8 In parallel, larger Seebeck coefficients, through use of different redox couples and ionic liquids, will lead to improvements in open circuit voltage and power output. These advances, coupled with a more detailed understanding of the different IL/redox couple interactions, will further boost the performance of these promising new devices.
